Abstract: Mid to far-infrared (terahertz) spectroscopy is a valuable tool for probing and characterizing macromolecular structures and motions of complex molecules, including low frequency vibrational and phonon modes in condensed phases. We describe here an improved and readily implemented method for performing terahertz spectroscopic measurements by using a nanoporous silicon substrate to capture and concentrate the substance to be analyzed. We compare the results to conventional sampling methods, including dissolution and crystallization on a flat silicon surface and dispersing crystallites in compressed polyethylene pellets, and show that the use of a transparent, nanoporous substrate provides both increased sensitivity and yields sharper spectral features than conventional solid-state sampling approaches. FTIR measurements are reported over the spectral range from 50-2000 cm −1 (1.5-60 THz), for salicylic acid, dicyanobenzene, glycine, and aspartame.
Introduction
Far infrared (IR) or terahertz spectroscopy is an important diagnostic tool that can provide insight into low frequency vibrational and phonon modes of complex molecules and crystals. Applications include forensics, industrial process measurement, environmental monitoring, and chemistry research. One of the challenges with far infrared spectroscopy is finding a suitable substrate or host material that can support the substance to be analyzed without obscuring or impairing its absorption spectrum. Optical substrates that are commonly used in other spectral regimes are either opaque in the far infrared, or exhibit their own characteristic absorption features that must be removed from the measurement. Even when a transparent terahertz substrate, like semi-insulating silicon, is employed, a thin surface layer of analyte precipitated or deposited on the flat substrate is often too thin to produce significant absorption at long wavelengths. Aqueous solutions are equally problematic because water has strong absorption throughout the far infrared [1] .
The most common method of preparing samples for far-infrared or terahertz spectroscopy is to grind the analyte into a dry, fine powder, mix it with polyethylene (PE) powder or potassium bromide (KBr), and compress the resulting mixture into millimeter-thick pellets. PE and KBr are used because they exhibit reasonably low loss, and few absorption bands across the mid-to far-infrared spectral regions. This approach has been used to measure the far-infrared or THz absorption spectra of a number of amino acids, crystalline peptides, proteins, nucleic acids and other biomolecules [2] [3] [4] [5] [6] [7] . There is some evidence that the process of compression and consolidation can result in asymmetry, broadening and displacement of the absorption bands, compared to what is observed in bulk crystals [8, 9] . Moreover, the pressed pellet method requires a large volume of analyte and is often a time-consuming process that is incompatible with rapid, highly sensitive spectral analysis and monitoring.
Recently, waveguide-based spectroscopy methods have been demonstrated, in which a thin layer of analyte is precipitated onto one plate of a metallic waveguide or parallel plate transmission line [7, [10] [11] [12] . This leads to a stronger absorption spectrum compared to what would be obtained by transmission through a single layer, and a sharpening of features in comparison to results obtained in a pressed pellet. Yellow and red regions illustrate spectral regimes limited by the porous silicon substrate and the FTIR detector polyethylene window, respectively. The gray trace shows the system spectrum without a sample.
We present a novel method for terahertz spectroscopy that uses nanoporous silicon as a host substrate for capturing and collecting the analyte. Porous silicon is formed through electrochemical etching of crystalline silicon, a process that readily forms a thick optical material with nanometer pore size. One cubic centimeter of porous silicon can have as much internal surface area as a large tennis court. Such a nanoporous matrix will therefore allow a large quantity of surface-bound molecules to be distributed throughout an interaction volume that could be thicker than the wavelength -a tremendous advantage when conducting terahertz spectroscopy. Moreover, porous silicon is found to have several broad transparency windows in the mid-to far-IR spectral range, making it a suitable substrate for spectroscopy of a variety of substances. We compare the absorption spectrum measured using a porous silicon substrate to conventional pressed-pellet and surface evaporation/crystallization methods for four different molecules: salicylic acid, dicyanobenzene, glycine, and aspartame. We find that in cases where the molecules can be efficiently dissolved and deposited inside of the pores, smaller quantities of analytes are used and the absorption spectrum can be both sharper and more intense (all by as much as an order of magnitude, as is also found for the waveguide technique) than for the pressed-pellet or 
Porous silicon fabrication
The porous silicon samples used in this study were fabricated using a process of electrochemical etching, beginning with double-side polished boron-doped silicon wafers with a resistivity of (5 − 20) mΩ cm. Figure 1(a) shows a diagram of the electrochemical etching system. One side of the silicon sample was pressed, using an o-ring gasket, against the bottom opening in an electrochemical cell, which was filled with a (1:1:2) mixture of hydrofluoric acid, water, and ethanol. A platinum mesh anode was immersed in the electrolyte, while the silicon substrate served as the cathode. A computer-controlled galvanostat (Amel 2049 [13] ) was used to deliver the electrochemical current required for producing the porous silicon. The etching current density of 90 mA/cm 2 over an exposed area of 10 mm diameter was applied, in pulses of 100 ms duration, with a 300 ms pause between pulses to allow the electrolyte to equilibrate within the pores. These parameters were found to produce a volume porosity of approximately 65% and a typical pore size of 10-100 nm. After etching the porous layer to a depth of approximately 200 μm, the current density was increased to 226 mA/cm 2 for 7 s, which causes the porous layer to separate from the underlying substrate, resulting in a free-standing porous sample. The samples were rinsed in ethanol, dried under nitrogen flux, and oxidized in a rapid thermal annealing furnace for 5 minutes at a temperature of 673 K, in order to passivate the silicon surface with a thin oxide layer. Figure 1 (b) depicts representative top-down and cross-sectional scanning-electron micrographs of fabricated porous samples, showing both the nanometer texture of the material, and columnar structure of the pores. The porous samples were measured in a conventional Fourier-transform infrared spectroscopy (FTIR) system (Nicolet Magna-IR 550 Series II [13] ) with a standard globar source that was modified to incorporate a deuterium triglyceride sulfide pyroelectric detector with a polyethylene window capable of detecting wavenumbers from 50-2000 cm −1 in transmission configuration. Figure 1(c) shows the measured background spectrum of the system, collected with and without a porous silicon sample inserted, measured over the range from 50-2000 cm −1 . The measurements were performed with the sample at room temperature, and after purging the sample chamber with water-and carbon-dioxide-free air. The red shading in Fig. 1(c) indicates spectral regions where the FTIR system (which includes polyethylene windows) does not provide sufficient throughput for absorption spectroscopy. The yellow regions indicate additional absorption bands introduced by the porous silicon. The absorption band from 360-1250 cm −1 is caused by the oxidized and hydrogenated surface of the porous silicon. The two absorption bands from 700-760 cm −1 and 1410-1490 cm −1 are attributed to the polyethylene window in the FTIR system. Figure 2 illustrates how the porous samples were loaded with analyte prior to measurement. The analyte was first dissolved in a solvent of either acetone or an acetone/water mixture (depending on the solubility of the analyte), and the resulting solution was deposited onto the top surface of the porous silicon using a micropipet. To ensure penetration of the solvent through the pores, the porous silicon was held via a weak vacuum applied to the back-side on an o-ring assembly, as shown in Fig. 2 . The vacuum serves to both hold the sample and also draw the solution through the porous membrane. The back-side vacuum was found to be essential to prevent uncontrolled accumulation or runoff of the solution across the porous surface. After the loading process (detailed in next section), the sample was dried under continuous vacuum flow for 10 minutes. Successful penetration of the analyte through the porous layer was verified by visually observing precipitate on the back-side of the sample. Before spectroscopic measurement, the front and back sides of the porous sample were gently cleaned with acetone or deionized water and lens paper, which removed remaining precipitate from the surface.
Sample preparation and measurement
For comparison, we also prepared polyethylene pellet samples for each analyte examined in this work. Prior to preparing the pressed pellet samples, the dry analyte was ground into a fine powder with an average particle size smaller than 100 μm, as measured by optical microscopy. This step was found to be essential to prevent excessive scattering. For the pressed pellet measurement, 7 mg of ground analyte powder was mixed with 100 mg of polyethylene powder (Micro-Powder Inc. [13] ) and compressed into a pellet of 13 mm diameter and approximately 2 mm thickness under an applied pressure of 275 kPa.
As an additional comparison, we prepared samples by dropping each analyte solution onto the polished surface of a nominally undoped, 280 μm thick silicon wafer. A 10 mm diameter o-ring assembly was mounted against the front of the flat silicon in order to confine the analyte to a region comparable to that of the porous sample, while preventing uncontrolled spillage or runoff. The sample was allowed to dry in the room temperature ambient environment, leaving a 10 mm diameter surface residue. To facilitate comparison, the mass of the deposited analyte was adjusted to be equivalent to the amount introduced into the porous silicon sample.
All samples were measured in the FTIR at room-temperature, over a spectral range from 50-2000 cm −1 , with a spectral resolution of 4 cm −1 and 128 scans averaged. For the polyethylene pellet cases, the absorption spectrum was obtained by computing the ratio of the measured signal to that obtained from a similarly made pure polyethylene pellet. For porous silicon and flat silicon substrates, the absorption spectra were obtained by referencing to previously unloaded spectra of the same porous silicon and flat silicon substrate.
Measurements
For the salicylic acid measurements, 100 mg of dry salicylic acid, in powder form (Sigma Aldrich [13] ) was dissolved in 10 ml of acetone. 100 μL of the resulting solution was deposited onto the porous silicon surface, using the method described above and depicted in Fig. 2 . After evaporation of the solvent, this corresponds to at most 1 mg of pore-incorporated salicylic acid, not accounting for the residue that was wiped from the front and back surfaces of the porous sample after loading. Although the porous silicon contains at most 1 mg of salicylic acid, compared to 7 mg in the pressed pellet of comparable diameter, we observe a significant increase in the spectral absorption feature peak intensities in the porous template. We note that, to facilitate comparison, the porous silicon spectrum was plotted on a different vertical scale. For example, the absorption peak at 1670 cm −1 is more than 10× stronger than that observed in the polyethylene pellet, and is limited by the dynamic range of the instrument. An interesting feature of the porous silicon result is that the absorption peaks appear sharper and more clearly defined than in the pressed pellet, even though the instrument spectral resolution was identical for both measurements. For example, the fullwidth at half-maximum of the absorption peak at 282 cm −1 is 18 cm −1 for the pressed pellet case, compared to 11 cm −1 for the porous silicon case. The width estimate is limited by the FTIR scanning resolution of 4 cm −1 . The peaks at 660 cm −1 show a similar narrowing. Some of the peak broadening observed in the polyethylene pellet could be attributed to scattering by analyte particles embedded in the polyethylene [14] , an effect that is absent in the nanoporous material because of the small particle size. The measurements obtained by deposition on a flat silicon wafer are consistent, but the corresponding feature absorptions are always found to be much weaker and often broader than both the pressed pellet and porous silicon spectra. An explanation for this generalization is that rapid crystallization on the silicon surface induces a variety of polymorphic or inhomogeneous structures that broaden and weaken the absorption features, making them more difficult to observe. While the three absorption spectra show overall similar features, it is interesting that in the low wavenumber regime (below 100 cm −1 ), some spectral features are absent in the porous silicon spectrum. The absorption behavior in this regime is thought to be dominated by low frequency phonon modes such as intermolecular hydrogen bonds, dimer bending, and lattice translation and rotation [6, 15] . In particular, the peak at 75 cm −1 is clearly seen in both the polyethylene and flat silicon samples, but is absent in the case of porous silicon. In a recent paper, Ueno and Ajito reported a similar finding with salicylic acid in mesoporous silicate using terahertz spectroscopy [16] . The potential explanation offered was that these absorption features are inhibited due to the constrained intermolecular interaction or lattice movement inside the confining structure -a hypothesis that seems to be further supported by our observations. The columnar nature of the nanoporous template, together with the transverse direction of the incident electric field could further diminish the relative absorption strength of these modes. Another possibility is that nanopore confinement induces crystalline orientation and hence changes in relative feature intensities compared to random crystallite orientations in the pellet or deposited on the silicon wafer surface. Further studies obtaining polarized FTIR spectra would help distinguish between these two possibilities.
We also conducted similar measurements using two isomers of dicyanobenzene, structurally depicted in Fig. 4 . Powder of 1,3-and 1,4-dicyanobenzene (Sigma Aldrich [13] ) was dissolved in acetone at concentrations of 11.78 mg/ml and 11.10 mg/ml, respectively. On both flat and porous silicon substrates, we loaded 50 μl onto the substrates, corresponding to an estimated analyte weight of 0.5-0.6 mg. For comparison, the pressed pellet and flat silicon samples were prepared as described earlier.
As with the case of salicylic acid, at wavenumbers above 500 cm −1 , the absorption features are sharper and stronger than those observed in the polyethylene pellets, and much more easily observed than on the flat silicon surface. For the polyethylene pellet cases, thickness differences between pellets loaded with the isomers of dicyanobenzene and the reference polyethylene pellet introduced artificial dips in absorption. For the flat silicon measurements, the large index of refraction difference between the substrate and surrounding air causes multiple internal reflections inside of the substrate, leading to the Fabry-Pérot response seen in Fig. 4 . In general, although the analyte mass deposited in the porous silicon is less than 10% of that contained in the polyethylene pellet, the absorption features are comparable in absorbance and correspond well to results reported previously in the literature [2, 17] . We next turn to glycine, the simplest amino acid contained in a wide variety of proteins in consumer and pharmaceutical contexts. Compared with salicylic acid and dicyanobenzene, the ionic solution structure of glycine does not readily dissolve in acetone, which poses a challenge for porous silicon spectroscopy. Although glycine is readily soluble in water, the front surface of the oxidized porous silicon surface is hydrophobic, making it difficult to completely pull an aqueous solution through the pores, even with vacuum back-pressure applied. Moreover, once water becomes trapped inside the pores it becomes difficult to drive it out, leading to increased substrate absorption. To mitigate this effect, we used a solvent mixture of acetone and water, in a 1:1 volume ratio. Dry glycine powder (ICN Biomedical Inc. [13] ) was added to the mixture until the solution was saturated. The saturated solution of glycine in water and acetone was dispensed onto the porous silicon and flat silicon as described earlier, and the sample was left to dry in an ambient environment. Based upon the published solubility of glycine in acetone and water [18] , we estimate the weight of glycine contained in the 100 μl droplet dispensed on the sample to be approximately 2.4 μg.
While the flat silicon sample dried rapidly under ambient conditions, the absorption spectrum of the porous sample required many hours to stabilize. This evolution is shown in Fig. 5(a) , which shows the absorption spectrum measured at 10 mins, 20 mins, 18 hrs, and 5 days following sample preparation. Even though the weight of the analyte is less than 0.1% of that contained in the pressed pellet, most of the absorption features are comparable in amplitude, and the mid wavenumber (> 800 cm −1 ) absorption features are somewhat sharper than those observed for the pellet. In some cases, the peaks are found to shift and sharpen as the sample dries. The overall spectral shape agrees well with previously published and theoretically predicted results [3, 4] . The evolving absorption spectrum for this sample can be explained by a slow drying process in the nanoscale silicon template, in which a portion of the solvent remains trapped inside of the porous matrix for hours or days. To illustrate this, in Fig. 5(b) , we plot the measured absorption spectrum for a porous substrate that was loaded with pure water:acetone solvent, without glycine. The prominent absorption features associated with absorbed water (e.g., broad feature near 200 cm −1 and sharper one near 1600 cm −1 ) are observed to diminish as the solvent slowly evaporates from the porous substrates. Because the post-treated, oxidized silicon nanoporous substrate contains bridging oxygen and dangling hydroxyl groups, hydrogen-bonded water is extremely difficult to remove unless heating and vacuum treatment is used. Trapped water can also significantly change the crystallinity or become incorporated into analyte crystal structure, affecting observed terahertz spectra. Again, the periodic spectral absorption pattern observed at low wavenumber is associated with a Fabry Pérot resonance of the porous sample.
As a final test case, we considered the artificial sweetener aspartame. Like glycine, aspartame is highly insoluble in acetone, and we therefore used a (1:1) volume mixture of acetone and water in order to balance competing demands for solubility and penetrability in the porous silicon. For these measurements, 26.9 mg of dry aspartame powder (Supelco [13] ) was dissolved into a 10 ml mixture of acetone and water with volume ratio of (1:1). The resulting mixture was heated to 313 K and mixed under ultrasonic agitation for 30 minutes. 50 μl of the resulting solution was deposited onto the porous silicon and flat silicon substrates. The weight of the deposited analyte was estimated to be 0.13 mg for the flat silicon and porous samples. Absorption spectra were measured several days after loading, to allow adequate time for the solvent to fully evaporate from the pores. Figure 6 compares the absorption spectrum obtained with the porous silicon to that of a pressed pellet. The porous silicon measurement agrees well with the pellet measurement and with published data [5] in the regime of 1500-2000 cm −1 . Below 700 cm −1 , the absorption features of aspartame were obscured by the broad absorption features of absorbed solvent, which is retained in the sample. The absorption features of the same amount of aspartame loaded on flat silicon were too small to be detected by the FTIR and are therefore not shown here. In contrast with the three other analytes considered here, the absorption features of aspartame in porous silicon appeared to be broadened in comparison to the pressed pellet measurements. We attribute the discrepancy to the presence of residual solvent trapped in the porous template, which, in the case of aspartame, was not easily removed through conventional static drying means.
This result highlights one of the key challenges of using nanoporous materials for terahertz spectroscopy -while water is one of the most commonly used solvents for many biological analytes, it is challenging to fill the nanometer-scale pores with aqueous solution, and equally difficult to drive off the solvent once it is there. To investigate the scalability and spectral linearity of the method, we performed experiments in which successive drops of analyte were applied sequentially to the same porous silicon sample, while monitoring the absorption spectrum after each drop was applied. For this study, we dissolved 21 mg of salicylic acid into 10 ml of acetone. The solution was applied to a porous silicon substrate in 10 μl drops (21 μg of salicylic acid), and after each drop the sample was dried and the absorption spectrum measured. Figure 7(b) shows the sequence of spectra obtained after 1-9 sequentially added drops. Figure 7 (a) plots measured absorbance of the seven dominant absorption peaks of salicylic acid as a function of the applied dose. In all cases, the absorbance scales approximately linearly with the volume of analyte, as expected.
As a further control experiment, we conducted the same measurements using pure acetone, Fig. 7(c) . While some residual absorption peaks associated with acetone are still observed, they remain at a very low, constant level and do not increase with successive drops. The two absorption peaks in the spectrum, 1375 cm −1 and 1691 cm −1 , correspond to known acetone/water complex absorption peaks [19] and can hence be attributed to residual water and acetone on the pore surface.
Conclusion
We have evaluated the potential application of crystalline porous substrate materials for use in infrared absorption vibrational spectroscopy. It was found that the porous silicon substrate used in this experiment has indeed enhanced and in many cases sharpened the higher energy absorption modes for several crystallized organic and biological analytes. For low energy modes the absorption features appear to remain relatively broad and unamplified. We attribute this discrepancy to a reduction of intermolecular interaction, which lead to the reduction of intermolecular and lattice modes usually dominant in the low wavenumber regime. This characteristic of porous substrate was also observed by Ueno et. al. for multiple analytes [16, 20] .
Although this work is conducted using a polyethylene equipped FTIR detector window and Si-coated mylar beamsplitter (designed for the < 400 cm −1 far-IR region) and polyethylene pellets, we also noted that the choice of using polyethylene introduced several artificial features in analyte pellet absorption spectra. In the ideal situation, the spectral range of > 400 cm −1 should be measured with a standard KBr beamsplitter equipped FTIR system. One potential setback for this method is that the absorption features of the substrate can obstruct or interfere with measuring absorption features from the analyte. However, it may be possible to extend this idea to other porous materials with more favorable transmission properties (e.g., GaAs, SiC, SiN, etc.). Furthermore, absorption by the substrate could be significantly reduced by using a thinner substrate. Such use would not significantly impact the experiment, as only micrograms of analyte are apparently required for terahertz absorption spectroscopy work.
The effect of residual solvent in the porous silicon substrate clearly affects the crystallization properties of analytes, as shown by these measurements, especially when aqueous solutions are used. This drawback could potentially be alleviated by applying better environmental control of the FTIR sample chamber. In addition to polarization and sample orientation studies, we are also currently investigating the possibility of enclosing the sample inside a temperaturecontrolled vacuum cryostat to carefully drive out residual solvent and monitor spectral feature changes during the drying and crystallization process.
